glial gene expression, where many immune related genes are upregulated 24 hours after injury. 90
Together, these results establish a platform where powerful Drosophila genetics can be utilized 91 to study the complex cascade of secondary injury mechanisms that occur after TBI in order to 92 genetically disentangle its beneficial and detrimental effects. 93
94

Methods 95
Flies 96 Fly stocks were raised on standard cornmeal food under a 12h light/12h dark cycle at 25°C and 97 ~65% relative humidity. TBI inductions and climbing assays were carried out in the lab at room 98 temperatures (~ 21-23°C). For sleep and lifespan experiments, flies were kept on standard 99 cornmeal food under a 12h light/12h dark cycle at 25°C and ~65% relative humidity. All 100 experiments were carried out in young adult w 1118 males that are 3-7 days old. NF-κB (x,y,z, pitch, roll) and a high magnification video 249 system to ensure highly replicable positioning. TBI is induced by running a current through the 250 magnetic coil of the solenoid, which retracts a brass trapezoid-shaped block. C) By releasing 251 current, a spring drives the brass block forward, hitting the fly on the top of the head. 252 an empty vial containing regular fly food. Immediately after TBI induction, flies often seem 253 dazed, being able to stand but only barely responding to tactile stimuli (Sup. Movie 2). However, 254 mobility returns in a manner of minutes (Sup. Movie 3). 255 256 dCHI increases mortality and impairs negative geotaxis in a dose-dependent manner within 24 h 257
To address the impact of dCHI, we first examined the acute pathological and behavioral effects 258 within the first 24h post-dCHI. TBI phenotypes become more severe with consecutive strikes in 259 mammals [58] and Drosophila [40, 41] . We subjected male flies to 1, 5 or 10 consecutive 260 solenoid strikes, delivered at 1 strike per second. After TBI induction, treated and sham treated 261 cohorts were individually housed in vials containing standard food. 24 hours after TBI exposure, 262 surviving flies were counted in each of the four groups. We observed a dose dependent 263 increase in 24-hour mortality ( Fig. 2A) . At 1 strike (TBIx1), there is no effect on 24-hour mortality 264 (p=0.68). Mortality is increased in a dose dependent manner (control vs TBIx5, p = 0.03; control 265 vs TBIx10, p = 0.004; ANOVA with Dunnett's post hoc test, F(3,8) = 8.41; n = three replicates of 266 10 flies/group). 267 268 Loss of balance and poor motor coordination are symptoms associated with TBI [59] [60] [61] . 269 Impairments in motor control, balance and sensorimotor integration are also a well-studied 270 endophenotype in rodent models of TBI (as quantified by beam balance, beam walk and rotarod 271 assays, reviewed in [62] ). In Drosophila, impairments in sensorimotor integration are quantified 272 by measuring the negative geotaxis response, a reflexive behavior where a fly moves away 273 from gravity's pull when agitated [63] . Impaired negative geotaxis has been observed in aging 274
and in Drosophila models of neurodegeneration [64] [65] [66] . 275 (n = 10, 8 , 8 for controls, 286 n= 8, 8, 9 for TBIx5 and n = 7, 7, 8 for TBIx10 at 4hr, 8hr and 24 hr respectively To assess sensorimotor function after TBI, we used a variation of the negative geotaxis assay 290
[43], where the average height climbed in a defined time period is quantified, rather than a 291 pass/fail number for absolute height as more subtle deficits can be observed using this 292 approach. Typically, young adult wild-type flies reach an average climbing height of ~4-5 cm in 293 a 3-second time period [43] . In our assay, sham treated w 1118 flies (3-7 days old males) reached 294 an average height of ~3.4 cm in four seconds (Fig. 2B , 0 days post-TBI). Climbing behavior, 295 driven by negative geotaxis becomes impaired after TBI. After a single hit, there is no detectable 296 difference in climbing, 24 hours after TBI induction (control vs TBIx1, p=0.1876, Fig. 2B ). 297 However, after five or ten consecutive hits, climbing behavior becomes impaired in a dose-298 dependent manner (Fig. 2B, control ), but not in the 323
TBIx5 condition (p = 0.1027; F(2,23) = 68.29) at this time point (Fig. 2D) . Eight hours after TBI 324 induction we also saw an increase in TUNEL positive cells in the TBIx10 condition (p = 2.93 x 325 10 -6
), but not in the TBIx5 condition (p = 0.5623; F(2,22) = 33.41) at this time point (Fig. 2D) Given the slowly evolving nature of TBI pathology, we next examined the chronic effects of 333 dCHI over time. We first examined lifespan. Unlike other forms of trauma, death after TBI rarely 334 occurs immediately. To test how our TBI assay affects overall lifespan, we delivered five 335 consecutive strikes to the top of a fly's head (Sup Movie 1). After this, flies were housed 336 individually and survivors were counted every day. dCHI significantly reduces lifespan (log rank 337 test on Kaplan-Meier survival curves, p < 0.001). 50% of the TBI group had died 14 days after 338 TBI induction while 50% of the sham-treated controls had died 32 days after the start of the 339 survival assay (Fig. 3A) . 340 341 dCHI impairs motor control in a biphasic manner 342
One day after being subjected to five consecutive hits, injured flies display a decrease in 343 climbing capacity, compared to sham-treated controls (Fig. 3B , p < 0.001, t-test with Bonferroni 344 correction). Flies recover from days 2 to 3, suggesting that climbing deficits are not due to 345 permanent injuries to the legs or to Johnston's organ, the fly's gravity sensor [68, 69] . Bonferroni correction, Fig. 3F ). These sleep phenotypes were not evident after 4 days ( Fig. 3C-365 F). Together, these results show that sleep in flies is decreased and fragmented in the first few 366 days after TBI, but that it returns to baseline after four days. 367 368 dCHI acutely activates the innate immune response 369
To test whether dCHI could alter glial gene expression, we used Translating Ribosome Affinity 370
Purification and Sequencing (TRAP-seq). TRAP-seq allows for a cell type-specific analysis of 371 the all mRNAs that ribosome associated and thus, are potentially being translated [48, 80] . 372
Figure 4 -TBI causes changes in gene expression 374
A) Expression levels for whole head inputs are compared to glia-specific TRAP 375 immunoprecipitated (TRAP IP) and show that glia-specific genes are enriched, including 376
astrocytic leucine-rich repeat molecule (alrm, astrocyte-specific) of a ribosomal protein [48] . Head RNA was isolated at 1, 3 and 7 days after TBI induction and 394 compared them to sham-treated controls. Ribosome associated mRNAs were isolated by 395 immunoprecipiation of the RpL10A-GFP. For each time point, three replicates (n = ~200 male fly 396 heads/replicate) were collected. Gene expression levels were determined using Kallisto-derived 397 estimated counts of glial TRAP-seq data collected at 1, 3, or 7 days after dCHI. Due to technical 398 issues with one of day 7 TBI replicates, it was removed from further analysis (see Methods and 399
Fig. S1). 400 401
To validate the method, we assessed enrichment of known glial genes in the anti-GFP 402 immunoprecipitate (IP) relative to the input of whole head mRNAs (Fig. 4A) . Expression levels 403 for non-glia inputs were compared to glia-positive controls and show that glia-specific genes are 404 enriched, including astrocytic leucine-rich repeat molecule (alrm) [29] ) and wunen-2 (wun2) [82] , 405 which are expressed highly in astrocytes, gliotactin, a transmembrane protein on peripheral glia 406
[83]), moody (GPRCs that regulate blood brain barrier permeability [84] ) and reversed polarity 407 (repo) [81] . 408
409
We initially looked at genes that are differentially expressed between dCHI and sham-treated 410
controls. Log2 fold change shows how gene expression levels change after dCHI, compared to 411
sham-treated controls. P-values are adjusted using the Benjamini-Hochberg procedure to 412 correct for false discovery rates [85] . We first noted that the number of differentially expressed 413 genes on day 1 post-dCHI vastly outnumber those evident on day 3 or day 7. In general, the 414 number of upregulated genes is higher than the number of downregulated genes (Fig. 4B, Fig.  415 S2). The differentially regulated genes are qualitatively different as well, with little overlap 416 among differentially expressed genes on post-TBI day 1, 3 and 7 (Fig. 4C) . 417 418 By plotting the average gene levels in the control group against those in TBI-treated flies (Fig.  419   4D) , we see that TBI results in genes being more strongly upregulated than downregulated 420 (more blue dots, further away from unity line). Strongly upregulated genes include antimicrobial 421 peptides (AMPs) (Drosomycin (Drs), listericin, virus-Induced RNA-1 (vir-1), genes involved in 422 proteolysis (alphaTry, yip7), and autophagy (MMP1). Also, quite a few members of the Turandot 423 (Tot) family are upregulated after TBI (TotA, TotC, TotM, TotX). These genes are part of a broad 424 stress response in Drosophila and are upregulated after exposure to mechanical stress, heat, 425 UV, bacteria, oxidative stress and dehydration [86] . Turandot A (TotA) is strongly induced by 426 bacterial challenge as well as exposure to mechanical pressure, dehydration and oxidative 427 stress. [86] . We also find that several genes with poorly understood functions are also strongly 428 upregulated after TBI (whatever (whe), la costa (lcs)). The majority of processes are part of the immune response (Table 1, TBI. Seven days after TBI, all AMPs have returned to baseline levels (Fig. 5) . 464 465 shock protein 27 was previously implicated in response to bacteria and fungi as well [96] . 490 491 In our model, TBI causes sleep to be reduced, fragmented and less deep (Fig.3C-F) , a 492 phenotype that persists for three days after TBI induction. Two prominent sleep regulating 493 genes have altered expression levels 24 hours after TBI. Dopamine transporter (DAT, also 494 known as fumin), a dopamine transporter that mediates uptake of dopamine from the synaptic 495 cleft, is downregulated (-0.74 log2 fold change, p = 0.021). Loss of DAT increases extracellular 496 dopamine and is associated with increased activity and decreased sleep [97] [98] [99] . Pale (ple), a 497 tyrosine hydroxylase that drives synthesis of wake-promoting dopamine [68] , is upregulated 498 (0.63 log2 fold change, p = 0.018). Pale was previously shown to be activated in response to 499 wounding in Drosophila embryos and larvae [100] . Pale and DAT/fumin levels are not changed 500 on post-TBI days 3 and 7 (data not shown). Thus, we hypothesize down regulation of 501 DAT/fumin in combination with upregulation of pale may underlie TBI changes to sleep due to 502 increased dopamine levels. 503 504 Three days after TBI induction, there are few significant differences in gene expression between 505 TBI treated flies and sham treated controls (Fig. 4B, Fig. S3A ). Whereas there are 512 genes 506 with altered expression 24 hours post-TBI (almost 400 of those are upregulated), after three 507 days there are only 22 genes with altered expression levels (Fig. 4B ). Interestingly, this low level 508 of glial activation at day 3 post-TBI coincides with a climbing behavior returning back to control 509 levels ( Fig. 4B) . At three days post TBI, several AMPs remain strongly upregulated (AttC, Mtk, 510 Dpt; Fig. 5, Fig. S3A) . 511 512 Seven days after TBI induction, there is more variability in gene expression (Fig. S1E,F) . There 513 seems to no activation of the immune response, as all AMPs have returned to baseline levels 514 (Fig. 5, red bars) . There is only one gene that is persistently downregulated on days 1, 3 and 7 515 ( To test the role of NF-κB in TBI-induced mortality and behavioral impairments, we induced TBI 545 in the NF-κB Relish null mutant (w1118; Rel[E20], Bloomington #9457) and measured its effects 546 on post-TBI survival, climbing behavior and sleep. Five consecutive strikes to the head resulted 547 in strongly increased mortality (log rank test on Kaplan-Meier survival curves, p < 0.001), where 548 over 50% of the NF-κB mutants had died three days after TBI induction (Fig. 6A) . In the 549 background strain (w 1118 ), 50% mortality for five strikes occurs at ~14 days post-TBI (Fig.3A) . In 550
Figure 5 -TBI activates a broad innate immune response 467
hours after TBI, genes encoding most Drosophila antimicrobial peptides (AMPs) are enriched 468 in glia cells. These include antibacterial, antifungal and antiviral peptides that are regulated by 469 the Toll, Imd and JAK-STAT pathways. Three days after TBI (green), all but three AMPs (AttC, 470
DptA, Mtk) have returned to control levels. Seven days after TBI (red) no AMPs are up-or
sham-treated NF-κB controls, 50% mortality occurs after 35 days (Fig. 6A) , which is very similar 551 to mortality in the sham-treated w 1118 background strain (Fig. 3A) . 552 553 To test whether TBI has a much stronger effect on NF-κB mutants, we tested climbing behavior 554 daily for seven days after TBI induction. However, there was no difference between TBI treated 555 flies and untreated controls on any day (Fig. 6B) . This is different from wild-type flies which 556
show considerable impairment to climbing 24 hours post-TBI, which then reverts back to normal 557 and is followed by a relapse on days 5-7 (Fig. 3B ). Both TBI treated and sham treated controls 558
show a gradual decrease in total sleep over ten days post-treatment. However, there are no 559 differences in total sleep (Fig. 6C ) or in any other metrics of sleep architecture (brief 560 awakenings, bout length, bout number, wake activity; Fig. 6D-F) . These results suggest that the 561 NF-κB-dependent immune response facilitates survival after TBI but that impairments in sleep 562 and climbing behavior are consequences of an immune-dependent injury mechanism. 563 564 Discussion 565
Here we have developed a simple and reproducible Drosophila model for closed head TBI 566 where we deliver precisely controlled strikes to the head of individually restrained, 567 unanesthetized flies. This TBI paradigm is validated by recapitulating many of the phenotypes 568 observed in mammalian TBI models, including increased mortality, increased neuronal cell 569 death, impaired motor control, decreased/fragmented sleep and hundreds of TBI-inducedchanges to the transcriptome, including the activation of many antimicrobial peptides, indicating 571 a strong activation of the immune response. Behavioral responses to TBI (e.g. sleep and 572 geotaxis) are abolished in mutants of the transcription factor NF-κB Relish, which plays a central 573 role in regulating stress-associated and inflammatory gene expression in both mammals [103, 574 114] and flies [115] . Nonetheless, Relish null mutants show increased mortality after TBI. These 575 results set the stage to leverage Drosophila genetic tools to investigate the role of the immune 576 response as well as novel pathways in TBI pathology. 577 578 Our single fly paradigm is a more valid Drosophila model for TBI that circumvents the lack of 579 specificity of currently available models [39, 41] . Both previous assays induce TBI by subjecting 580 the whole fly to trauma, which makes it hard to distinguish whether observed phenotypes are a 581 due to traumatic brain injury or a consequence of internal injuries. A recently published method 582
[116] uses a pneumatic device to strike an anesthetized fly's head. This method is an 583 improvement of earlier assays and results in increased mortality in a stimulus strength 584 dependent manner. However, it only shows a modest reduction in locomotor activity, without 585 demonstrating any other TBI-related phenotypes such as neuronal cell death or immune 586 activation. The dependence on CO2 anesthesia further impairs the usefulness of this assay, as 587 prolonged behavioral impairments in Drosophila occur even after brief exposure to CO2 588 anesthesia [117] . Additionally, anesthetics that are administered either during or shortly after 589 TBI induction can offer neuroprotective effects and alter cognitive, motor, and histological 590 outcomes in mammalian models of TBI [118] [119] [120] as well as affecting mortality in a whole-body 591 injury model in flies [121] . Our Drosophila model allows us to study how TBI affects behavior 592 and gene expression without the confounding effects of anesthesia, making it a more valid 593 model for TBI that occurs under natural conditions. 594
In this study, we also elucidate in an unbiased manner, the genomic response to TBI. Glial cells 596 play an important role in immune responses in both mammals and Drosophila, (reviewed in 597
[33]). Until now, profiling TBI-induced changes in gene expression have either been limited to a 598 small number of pre-selected genes in both mammals [122, 123] and Drosophila [40, 41] or 599 focused on whole brain tissue rather than individual cell types [124, 125] . Using TRAP in 600 combination with RNA-seq, we detect an acute, broad-spectrum immune response, where 601 antimicrobial peptides (AMPs) and stress response genes are upregulated 24 hours after TBI. 602
These include antibacterial, antifungal and antiviral peptides as well as peptides from the 603 Turandot family which are secreted as part of a stress response induced by bacteria, UV, heat 604 and mechanical stress [86] . Three days after TBI, only Attacin-C, Diptericin A and Metchnikowin 605 are upregulated. Seven days after TBI, AMPs or stress response genes are not detectably 606 upregulated. These findings match reports in mammalian TBI models, where inflammatory gene 607 expression spikes shortly after TBI but mostly dies down during subsequent days [122, 126] . 608
609
Besides validating our Drosophila model with the detection of a strongly upregulated immune 610 response, we detected several novel genes among the total of 512 different glial genes that 611 were either up-or down-regulated after TBI. Immune and stress response only make up 157 out 612 of 512 differentially expressed glial genes. Genes involved in proteolysis and protein folding are 613 a prominent portion (85/512) of these differentially expressed genes, yet their role in TBI is 614 poorly understood. These results demonstrate that there are other candidate pathways that may 615 modulate recovery, and Drosophila can be used as a first line screen to test their in vivo 616 function. 617
618
We have successfully applied in vivo genetics to identify in vivo pathways important for TBI. 619
Here we demonstrate that loss of master immune regulator NF-κB results in increased mortality 620 after TBI, yet it protects against TBI-induced impairments in sleep and motor control. Thesefindings align with previous reports showing links between sleep and the immune response in 622 flies [127] where NF-κB is required to alter sleep architecture after exposure to septic or aseptic 623 injuries [128] . One possibility is that sleep impairments can be a side-effect of melanization, an 624 invertebrate defense mechanism that requires dopamine as melanin precursor [129] . If 625 dopamine is upregulated to create more melanin, decreased sleep would be a side effect. 626
Consistent with this hypothesis, we observe changes in fumin and pale which could results in 627 increased dopamine levels. Recently, it was shown that repressing neuronal NF-κB in a mouse 628 model of TBI increases post-TBI mortality, as in our studies, without reducing behavioral 629 impairments [70] , suggesting that non-neuronal NF-κB could underlie behavioral impairments 630 after TBI. The demonstration of an in vivo role for TBI-regulated genes will be important for 631 defining their function. 632
633
In summary, our Drosophila Closed Head Injury assay (dCHI) recapitulates many of the 634 physiological symptoms observed in mammals, demonstrating that fruit flies are a valid model to 635 study physiological responses to TBI. We demonstrate both a potent induction of immune 636 pathways and a requirement for an immune master regulator in mediating TBI effects on 637 behavior. Our model now provides a platform to perform unbiased genetic screens to study how 638 gene expression changes after TBI in unanesthetized, awake animals result in the long-term 639 sequelae of TBI. These studies raise the possibility of rapidly identifying key genes and 640 pathways that are neuroprotective for TBI, thereby providing a high-throughput approach that 641 could facilitate the discovery of novel genes and therapeutics that offer better outcomes after 642 Relative log expression (RLE) plot of raw and normalized glial expression data. Control (green) 651 and TBI (orange) biological replicates for day 1, 3 and 7 post-TBI. Correction was performed 652 using the upper-quartile between lane method. Due to the high variability in TBI replicate 3 on 653 day 7, this replicate was discarded 654 Benjamini adjusted p <0.1) or downregulated (red dots, log₂fold change ≤ -0.6, Benjamini 664 adjusted p <0.1) 24 hours after TBI induction. AMPs are indicated with green asterisks. Genes 665 with average reads <10 in both control and TBI condition were excluded. 666
